We have investigated single crystals and polycrystals from the series Nb 1−y Fe 2+y , −0.004 y 0.018, by electron spin resonance, muon spin relaxation, and Mössbauer spectroscopy. Our data establish that at lowest temperatures all samples exhibit bulk magnetic order. Slight Fe excess induces low-moment ferromagnetism, consistent with bulk magnetometry, while Nb-rich and stoichiometric NbFe 2 display spin density wave order with small magnetic moment amplitudes of order ∼0.001-0.01 μ B /Fe. This provides microscopic evidence for a modulated magnetic state on the border of ferromagnetism in NbFe 2 .
I. INTRODUCTION
Ferromagnetic quantum phase transitions in metals represent a topic of current research interest both from the theoretical and experimental side, this especially under the aspect of non-Fermi-liquid behavior in transition metal compounds [1, 2] . The underlying question of whether a ferromagnetic quantum critical point can exist in clean band magnets remains controversial so far. Based on fundamental considerations [3] [4] [5] [6] , it was argued that ferromagnets adopt one of two possible scenarios on approaching the putative quantum critical point: either the transition into the ferromagnetic state becomes discontinuous (first order), or the low-temperature state adopts a modulation (ordering wave vector Q = 0), causing some form of spin density wave order (SDW).
An interesting candidate for the SDW scenario is NbFe 2 [7] . In the Nb 1−y Fe 2+y composition series, the magnetic state depends sensitively on composition [8] [9] [10] [11] . Nb-rich (y < −0.02) and Fe-rich (y > 0.005) Nb 1−y Fe 2+y are weakly ferromagnetic (FM) at low temperature, which may be attributed to changes in the electronic structure [12] [13] [14] [15] . At intermediate compositions y 0 in Nb 1−y Fe 2+y ; however, samples are not FM, although they still appear to order magnetically as shown by susceptibility measurements, which was tentatively interpreted as a SDW state. Signatures of Fermi liquid breakdown have been reported near the critical concentration y = −0.015, where the ordering temperature of the putative SDW state extrapolates to zero [7] .
Despite many experimental efforts, microscopic evidence for the existence of a broken-symmetry magnetic lowtemperature state in stoichiometric NbFe 2 has so far been lacking. NMR studies on polycrystals [9] require magnetic fields exceeding the critical field of the ordered phase for some grain orientations, whereas the small size of the ordered moment, estimated to less than 0.1 μ B /Fe from magnetization measurements in the FM state, imply a tiny signal size in neutron scattering. Here, we present low-temperature electron spin resonance (ESR), muon spin relaxation (μSR), and Mössbauer spectroscopy experiments on single-and polycrystalline Nb 1−y Fe 2+y in the alloying range −0.004 y 0.018, thus covering the range from SDW to FM ground state.
Our study establishes the bulk nature and spatial homogeneity of these phases at the lowest temperatures. We determine the temperature evolution and magnitude of the internal magnetic field, and assess the size of the ordered magnetic moments in the different phases. Our findings confirm the FM nature of the low-temperature state in Fe-rich NbFe 2 . Further, they demonstrate the existence of a modulated magnetic phase (SDW) at low temperature in near-stoichiometric NbFe 2 and in an intermediate temperature range above the FM state in Fe-rich NbFe 2 . Moreover, they indicate that the ordered moment of the modulated magnetic phase diminishes more rapidly as a function of Nb concentration than the associated ordering temperature on approaching the quantum critical point.
II. EXPERIMENTAL DETAILS
Single crystals of Nb 1−y Fe 2+y were grown in a UHVcompatible mirror furnace from polycrystalline precursor rods prepared by radio-frequency induction melting, and characterized by Laue diffractometry, transport measurements, and magnetometry [16] [17] [18] . The samples used in this study correspond closely to similar single crystals from the same growth runs, which were characterized extensively by bulk experiments [18, 19] . They include Fe-rich Nb 0.982 Fe 2.018 , with a SDW phase below T N ∼ 36 K and a FM transition T C ∼ 32 K [determined from magnetization measurements; Fig. 5(b) ], stoichiometric NbFe 2 (T N ∼ 14 K), and Nb-rich Nb 1.004 Fe 1.996 (T N ∼ 8 K). An iron-rich polycrystal Nb 0.984 Fe 2.016 (T N ∼ 30 K, T C ∼ 22 K) was used for Mössbauer spectroscopy.
ESR experiments were carried out with a standard continuous-wave spectrometer between 5 and 300 K. We measured the power P absorbed by the sample from a transverse magnetic microwave field (ν ≈ 9.4 GHz) as a function of an external, static magnetic field B. A lock-in technique (with a modulated field at 100 kHz) was used to improve the signal-to-noise ratio, which yields the derivative of the resonance signal dP /dB. μSR experiments in zero field (ZF) and in a weak transverse applied field (wTF) (external field of 5 mT applied at a 90
• angle relative to the polarized muon spin) have been performed between 1.8 and 140 K using the GPS facility of the Swiss Muon Source at the Paul Scherrer Institute, Villigen. Mössbauer spectroscopy has been performed between 4 and 90 K using a conventional Mössbauer setup.
III. RESULTS: ESR
The ESR measurements on a stoichiometric single crystal of NbFe 2 show well-defined resonances probed in a skin depth of about 2 μm (at 20 K) at a crystal size of 1 × 0.9 × 0.4 mm 3 . The inset of Fig. 1(a) shows a typical spectrum in the paramagnetic regime together with a single-line metallic Lorentzian shape for a resonance with g = 2.1. Such resonance spectra taken on the single crystal NbFe 2 were fitted with a metallic Lorentzian shape [20] with the parameters linewidth B (half width at half maximum of the microwave power absorbed by ESR) and resonance field B res of an ESR line with a Lorentzian shape:
Here, Amp is the amplitude, and α is the asymmetry parameter (D/A, describing the microwave dispersion relative to absorption in metallic samples). Further, we use x =
B−B res B
and y =
B+B res B
. The second term describes the influence of the counterrotating component of the linearly polarized microwave field, which is relevant in the case of B B res , as we will demonstrate below. We determined the ESR intensity by integrating the ESR spectra and dividing by the temperature-dependent skin depth.
In general, a conduction electron spin resonance is described by a Dysonian line shape which takes into account the spin diffusion, penetration depth, and sample thickness [21, 22] . In the limit of a much faster spin relaxation than the spin diffusion through the skin depth (as it is realized in NbFe 2 ) a regular local moment ESR line shape is expected. In this case, however, it is important to note that microwave dispersion effects occur due to the skin effect. Hence, an asymmetric line, characterized by the ratio of dispersion to absorption, D/A, is found, viz., a "metallic" Lorentzian.
Another crucial effect to the line shape arises if the ESR linewidth is very broad and of the order of the resonance field. Then the ESR line shape may considerably deviate from the shape expected for narrow lines because the counterrotating component of the linearly polarized microwave field becomes relevant [18] . Figure 2 illustrates this situation for an ESR line with parameters corresponding to those of NbFe 2 . Note the change in the portions of positive and negative contributions to the line shape and compare to the case of NbFe 2 shown in the inset of Fig. 1(a) .
Linewidth B and resonance field B res as determined from fits of the ESR spectra to Eq. (1) show very similar temperature dependencies compared to those reported previously in polycrystalline samples [23] . The linearity between the ESR intensity (being a microscopic probe of the spin susceptibility in the skin depth) and the magnetic susceptibility [see inset of Fig. 1(b) ] indicates that the observed resonance reflects bulk magnetic properties.
The clearest evidence for the bulk origin of the signal is that B decreases (almost linearly) with increasing temperature following the opposite behavior of the electrical resistivity ρ in the same range of temperatures, which namely increases with increasing T [19, 24] . This is explicitly demonstrated in Fig. 3 , where we combine both quantities, B and ρ, in the same plot. A direct relation between B and ρ is a characteristic hallmark of a conduction electron spin resonance (CESR) and would be completely unexpected for impurity spins or coupled spins of impurity and itinerant electrons.
More specifically, correlated band magnets such as TiBe 2 are examples for a CESR which can be analyzed according to the Elliot-Yafet theory [25] . A generalized version of this theory [26, 27] takes the particular electronic band structure into account and allows us to understand the relation between linewidth B and resistivity ρ. We considered the special preconditions of the electronic band structure of NbFe 2 [12] [13] [14] [15] and found for B a behavior almost linear to ρ, but with opposite prefactors. To illustrate this we show the resistivity data of NbFe 2 from Ref. [19] in the combined plot with the ESR linewidth vs temperature, see Fig. 3(a) , and with temperature as implicit parameter, see Fig. 3(b) . A similar behavior was also found for MgB 2 [24] and the correlated narrow-band metal Rb 3 C 60 [27] in a wide temperature range. Indeed, for NbFe 2 a prerequisite of the generalized Elliot-Yafet theory is fulfilled, namely that the quasiparticle scattering rate is comparable to the energy separation of two neighboring spin-orbit split bands close to the Fermi level [24] . Taking these observations as strong indications for a bulk CESR in NbFe 2 we continue with discussing the effects of the ground state phase.
Towards low temperatures and crossing the ordering temperature T N ∼ 12 K, B(T ) and B res (T ) show strong changes which suggest a drastic change in internal fields at T N and which indicate the presence of a low-temperature magnetically ordered state. Such strong changes in B res (T ) may be expected in particular for systems with strong magnetic anisotropies [28] such as NbFe 2 [29] .
IV. RESULTS: μSR
The μSR data provide comprehensive microscopic information about the low-temperature magnetic states in Nb 1−y Fe 2+y . Figure 4 displays the wTF spectra of Nb 1−y Fe 2+y between 5 and 80 K. At high temperatures, the muons precess with frequency ω in the external field, giving rise to an oscillatory asymmetry signal P TF P TF = a cos (ωt + φ) e
Equation (2) implies a local field distribution caused by nuclear dipoles and an additionally operative electronic relaxation process. Here, a denotes the asymmetry parameter, φ the phase shift, σ the width of a local magnetic field distribution, and λ TF the damping rate. At low temperature, the signals are strongly damped and acquire an additional precession term from local internal fields [see Eqs. (3) and (4)]. From fits of the data we obtain the temperature dependence of the wTF asymmetry parameter, which is proportional to the paramagnetic volume fraction [ Fig. 5(a) More detailed information is obtained from zero-field (ZF) μSR experiments (Fig. 6) . Above the critical temperatures, the data for all samples can be fitted by a dynamic Gaussian Kubo-Toyabe-type function [24, 30] . Inside the magnetically ordered phases, the relaxation behavior depends on the nature of the ordered state. Ferromagnetic order is known from bulk magnetometry to set in below about 32 K in Fe-rich Nb 0.982 Fe 2.018 . Indeed, a spontaneous muon rotation signal is detected at temperatures below 32 K, consistent with ferromagnetism [ Fig. 6(a) ]. The real part of the power spectrum of the low-temperature muon relaxation data exhibits a broad maximum at finite frequency [ Fig. 7(a) ], which can be analyzed in terms of two distinct muon sites with precession frequencies i caused by the local internal field:
The asymmetry parameter a i is associated with site i; α i denotes the fraction of transverse field components of the field distribution with respect to the initial muon spin which give rise to a precession. It remains nearly constant as a function of temperature indicating that also the direction of Fe moments stays the same. λ T/L is the transverse/longitudinal damping rate. The frequencies i are indicated by arrows in Figs. 7(a) and 7(b), and fits to Eq. (3) as solid lines in Fig. 6(a) . The temperature dependence of the precession frequencies i [ Fig. 7(c) ] reflects the evolution of the bulk magnetization. We note that a fit using only one muon site/precession frequency does not properly reproduce the experimental data. This is illustrated in Fig. 8 , where we plot the muon relaxation spectrum of Fe-rich Nb 0.982 Fe 2.018 deep in the ferromagnetic phase, together with fits to the data assuming one (red solid line) and two (blue solid line) muon sites, respectively. From the figure, it is evident that a fit using only one muon site fails to reproduce the experimental data already at ∼0.05 μs. Correspondingly, in our fits we have chosen the minimum number of two muon sites to parametrize the experimental data.
V. RESULTS: MÖSSBAUER SPECTROSCOPY
A Mössbauer study on Fe-rich powder Nb 0.984 Fe 2.016 (T C ∼ 22 K, T N ∼ 30 K from magnetization) yields complementary information on the nature of the magnetic phase below T C . In Figs. 9(a) and 9(b) we plot the Mössbauer spectra taken in the paramagnetic (90 K) and the low-temperature magnetic (8 K) phase [24] . At high temperatures the resonance pattern reveals a doublet structure typical for nuclear electric quadrupole interaction. For the fit we take into account two sites, Fe 6h and Fe 2a [ Fig. 9(a) ], with electric field gradients of about 1.0 × 10 21 V/m 2 . Upon lowering the temperature below T C the onset of magnetic hyperfine splitting at the Fe sites becomes visible from a broadening of the resonance pattern [ Fig. 9(b) ]. From the full width at half maximum (FWHM), the magnetic hyperfine field is estimated to be less than 2 T, which corresponds to an upper limit of the ordered magnetic moment of about 0.15 μ B /Fe atom from scaling to metallic Fe and is consistent with the net moment of 0.06 μ B /Fe inferred from bulk magnetometry [19] .
These findings contradict the suggestion based on Compton scattering at elevated magnetic fields [31] that Ferich Nb 0.985 Fe 2.015 is ferrimagnetic, with moments of 0.4μ B (−0.6 μ B ) on the Fe 6h (Fe 2a) site. The resolution of this discrepancy requires further investigation, but it may be attributed to the larger energy window probed by Compton scattering, which could cause large, slowly fluctuating moments to appear to be static. 
VI. DISCUSSION
We now turn to the SDW phase derived from bulk studies, which according to the phase diagram can be examined in Fe-rich Nb 0.982 Fe 2.018 between 32 K and 36 K as well as in NbFe 2 and Nb 1.004 Fe 1.996 below T N . The associated power spectra [ Fig. 7(a) ] of the μSR ZF data can be seen for NbFe 2 and Nb 1.004 Fe 1.996 , with an overdamped response centered very near to zero frequency. Equally, for Nb 0.982 Fe 2.018 between T C ∼ 32 K and T N ∼ 36 K a similar response is observed [ Fig. 7(b) ]. It implies that this behavior represents the common signature of the modulated magnetic phase. Therefore, and in view of the various bulk magnetic studies on Nb 1−y Fe 2+y and our ESR results, we ascribe the overdamped asymmetry signal to a wide field distribution caused by a SDW state, which we parametrize [32, 33] as Fig. 7(c) [34, 35] . It might be attributed to sample inhomogeneity, which would cause a spread of T N , or to a more intrinsic form of phase separation (see, e.g., [36] ). The wTF data [ Fig. 5(a) ] indicate nearly 100% magnetic volume fraction at low temperature but further studies with higher temperature resolution are required to check for phase separation in the range between 5 and 8 K.
If sample inhomogeneity can be ruled out, then our μSR data seem to suggest a rather unusual evolution of the magnetic moment with composition. A naive linear extrapolation of the μ ord (y) data from our μSR study would imply that the magnetic moment is fully suppressed for a composition y ∼ −0.01, distinctly different from the value y c = −0.015 obtained from bulk studies. This raises the question about the nature of the magnetically ordered phase in the intermediate range −0.01 y y c , and the possibility of the occurrence of a partially ordered phase [36, 37] close to the SDW quantum critical point.
In conclusion, our combined microscopic study of the magnetic ground state of Nb 1−y Fe 2+y establishes the bulk nature and spatial homogeneity of the magnetically ordered phases at the lowest temperatures. We have determined the temperature evolution and magnitude of the internal magnetic field, and from this derived the size of the ordered magnetic moments in the different phases. We confirm the FM nature of the low-temperature state in Fe-rich NbFe 2 , and demonstrate the existence of a modulated magnetic phase at low temperature in near-stoichiometric NbFe 2 . Finally we observe a rather unusual dependence of the ordered moment of the modulated magnetic phase on Nb concentration.
